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Abstract .. 
. 
(\ 
This thesis is a·stuqy of·the microstructural· 
development arid ~echanical properties of a cer~mic system 
· exhibit~ng a dual-phase interpenetrating microstructure . 
.. The:A12o3 :c-zro2 (8'mol% Y2o3_) system was·chosen as the model 
due to the limited mutual solubility of Al2~3 and c-zro2 , . 
. 
and.the absence of intermediate phases. Sintering studies G 
of the composites with high volume fractions of both phases 
showed the severe grain growth restraint of the 
, 
interpenetrating network at 1650°C (60°C below the 
eutectic). The coarsening resistance is attributed to the 
long diffusion path length for coarsening, the limited 
mutual solubility, and the high grain coordination number of 
the phases. Fracture toughness of the composites is shown 
to follow a series rule-of-mixtures of the single phases. 
The 5 volume percent c-zro2 composition shows an anomalously 
high hardness at all temperatures (up to 1200°c). The 50 
volume percent c-zro2 composition (AZSO) possesses superior 
hardness to the single phases above l000·°C. Indentation 
C, 
creep tests show that AZ50 is superior to single phase Al2o3 
I I • 
e 
• I for resisting .creep deformation, and comparable to single 
. 
. 
phase c-zro2 . These interpen·etrating microstructures ,· with 
high volume fractions of second phase~ are part of a class ' 
of ceramics which possess stable microstruc'tures and.\ • • 
re.liable .mecha~ical. ·properties- at elevated ~emperatures. 
,. 
·. l 
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Introduction 
... 
4 
• 
• ' 
I In cera:mics ,· the term "dual-phase mi·c·rostructure'', can 
. 
refer to grains of one phase infiltrated with· a continuous 
. . glassy phase ·c such as de-based alumin~ and h·ot-pressed 
silicon nitride), or a mixture of two mutually separate 
. phases (such as zirconia-toughened alumina (ZTA) and silicon 
carbide-reinforced alumina). This study focuses on the 
. . 
latter type of microstructure, specifically, an intimate 
mixture of ·two chemically different, mutually insoluble 
phases. 
The exploi tatio·n of dua.1-phase microstructures · is not 
new. Second phase particles ·have been utilized in materials 
as a means of limi·ting grain growth in a wide variety of 
systems, e.g. Al 2o3-zro2 [1-3], ~-alumina-zro2 [4,5], and 
• 
. 
zno-sb2o3 [6], to name a few. In these examples, low volume 
fractions (<20 volume percent) of particles were added to 
control_grain growth. 
In metals, dual-phase microstructures have played an: 
important role in superplastic forming_~ The production 
.of a very fine.grain siz~, stable at the forming 
temperature, is a requireme_nt for superplastici ty in 
materials such as titanium alloys [7,8], sic-reinforced 
aluminum [9], and duplex stainless steels [10]. Frequently, 
the alloy ~s given· successive deformation and 
/ 
,, 
recrystallization anneals to produce the ~ine grain size 
2 
• • 
• 
,L 
j 
• • ' ,I 
J 
f ! ... ' 
·"" 
• 
l , . 
• 
< 
nee·ded at temperatures · near the f o~ming temp.erature .· 
• 
. 
. 1),," • • Duplex alloys, whose constituents· are mutually insoluble·,. 
" 
are nl'ost desirable since grain growth during heat. treatme·nt ,. . 
and fo~ming is inhibited by the limited mass transfer 
• through the othe~ phase. I~ this case the·grain size is 
• I' 
said to be ''segre.gatie>~-stabilized''; i.e. there is 
microstructural. stability.at the forming temperature due to 
limited mutual solubility (11,12]. 
Ceramics can benefit from a dual-phase mictostructure, 
from the standpoint of superplastic forming, as exhibited in 
,. 
tetragonal-zirconia polycrystals (TZP) [13,14] and in 
TZP/Al2o3 composites (14,15], and for the production of 
fine-grained microstructures which are. stable during service 
at elevated temperatures.· A potential application of 
''segregation-stabilized'' ceramics is in fiber reinforcement . 
• 
Grain coarsening of ceramic fibers limits their 
effectiveness in high temperature applications [16,17]. 
However, fibers possessing suitable mixt·ures of mutually 
insoluble phases would provide the desired reinforcement as 
well as the thermal ·stability required for high temperature 
• service. 
Previous work on microstructural development in the 
Al2o3-zro2 system has focused on low volume fractions (<20 
" 
volume percent) of zro2 _particles [1-3,18,19]. Significant 
work has been carried out on the mechanical properties of 
' . 
3 
r-· 
1 
.; 
• 
' . 
.. 
~. .. ,f 
. 
. 
i '• 
: 
: 
,_ . 
l_ . I 
" ' 
• 
" 
. 
-ZTA, an·d ·determ~ning the optimum volume fraction· of 
. 
-
. 
metastabl_e t-zrO~ particles in ~n alumina· mat'ri~ [20J~ The 
• • 
C 
addition of alumina to TZP as a ~tren~~hening agent has also 
been well studied -[21,22]. However very little research 
= 
[23-25] has b~en carried out on ~icrostructural _development· 
and mechanical properties of dual-phase microstructures (in 
any system) with large volume fractions (>20 vo~ume 
percent), where both phases are interconnected. 
Background 
. 
1. Particulate Behavior 
In this section, a discussion of Zener pinning, Ostwald 
ripening and percolation theory will be given. These 
concepts provide a foundation for the investigation of the 
microstructural development of dual-phase interpenetrating 
microstructures. 
The driving force for grain growth in polycrystalline 
' 
materials is the grain boundary interfacial free energy. 
The total free energy of the aggregate can be reduced by· 
decreasing-the grain boundary area (grain growth). Normal 
grain gro~th usually follows a kinetics relation of the 
form: 
••• ( 1) 
. 
where G is the average grai.n size at time t, G0 is the 
4 
• 
• 
. . 
-
a.ve~age grain siz·e at_ t 0 , K is. the rate constant and ~ is 
. . . . . .  . 
- - the grain g-rowth k1net1~ exponent. . -Normal grain grow~h is 
. . 
' ~ 
.defined as· s·elf-similar g,rowth. This is_, distinct from · 
. ' 
abnormal grain growth which a bimodal grain size (t 
distribution develops. The parameter n depen.ds on the 
dominant diffusion mechanism;. theory predicts n·= 3 fo~ 
volume diffusion, and 4 for grain boundary·diffusion [26]. 
1.1 Zener Pinning 
• 
If a dispersion of second phase particles is present, 
grain boundary movement will be retarded 1 as the particles 
are dragged along. The drag exerted on the boundary by 
second phase particles was first evaluated by Zener [27]. 
The maximum restraining force, Fmax' exerted oh the. boundary 
by second phase particles is: 
Fmax = ns1r"'Y r' .••• ( 2) 
where ns is the number of particles per unit area of 
boundary, r is the particle radius, and "'Y is the surface 
energy of the.matrix. By setting Equation (2) equal to the 
driving pressure for grain growth, 2"'Y/R, where R is the 
. 
. 
·, ::,; ', 
radius of boundary curvature, Zener arrived at the. ( 
• express.ion: 
R ~ 3r/4f, 
where f is the volume fraction of particles. 
\ ' 
\ 
••• ( 3) 
Assuming that 
the radius of boundary cur~ature is equal_to the grain size, 
Equation (3) is an expression.of the largest grain size 
5. 
. " 
"\ 
.. q 
~ ~-
attain&ble for a given ·volum·e fraction o~ particles with 
.· . . 
·radius r. 
. 
-. . . 
Zener' s expreps·ion assumes a random distribution of 
P; 
ii:nmobile·, spherical particles of equal size. In systems 
I ; 
·. 
where particles are m-obile, the .. actual pinning force would 
be lower than Zener's estimation. The expression also 
· ignores the presence of particles located at grain edges and 
. 
triple points, which would provide more effective pinning 
than on a two-grain face. Particles with dihedral angles 
. 
that are less than 180° would be more effective at pinning 
• 
boundaries than spherical ones (for a given particle 
volume), due to larger surface area [27]. Others [28] have. 
recalculated the pinning stress and maximum grain size 
assuming flexible boundaries and arrived ·at similar 
relations to Equation (3). 
Zener' s equation also assumes that. the size ( and 
distribution) of the second phase particles remains constant 
during grain growth. Should the average particle radius 
'i 
change, the pinning force wi1i change. ~n fact, the 
/ .. 
particle size and distribution does not remain constant 
during heat treatment. The sa~e dri virlii. force for grain 
• ' ,,r' 
growth causes coarsening of particles (interfacial free 
energy). This phenomenon will ·be discussed in the following 
sec\tion. · 
6 
I. 
- . . 
/'._, 
"-...._ ___ ... 
f . 
'· 
! • 
' I 
. , 
• 
1. 2 . Ostwald "Ripening _ ._ .. 
• 
·The process of Ostwald ripening is the grow~h of 
large particles, at the expense of small ones. This. 
arises from the greater solubility o.f small part-icles due to 
' \ 
their.greater surface curvature. Theoretical treatments 
(LSW theory) of Ostwald ripening pr~dict that the change in 
average particle radius, r, is: 
- . -2 dr/dt = (D'YABVmS)/(2RTr ) , ••• ( 4) 
where Dis the diffusivity of the second phase in the 
matrix, 
'YAB 
• the interfacial between the particle 1S energy 
and matrix, vm • the molar volume of the second phase, s • lS is· 
the solubility of the second phase • the inatrix, R • the in 1S 
gas constant and Tis the absolute temperature [29]. 
Equation (4) assumes that lattice diffusion is the rate 
controlling process, and that the particles are isolated 
from each other (low volume fractions). For grain boundary ,, 
· diffusion-controlled particle-ripening, the following 
relation must hold: 
wDgb >> dD1attice' ••• ( 5) 
where w is the grain boundary thickness, Dgb and D1attice 
. 
are the diffusion coefficients for grain boundary and 
lattice diffusion, respectively, and dis the average grain 
I 
size. The coarsening of particles under these conditions 
7 
. \ 
... 
.. 
. ··,· ,. \ 
I • 
' follows the relation,. derived by Kirchtier [30}: 
-4 
rt 
with C 
and D 
-
-
-
-
. 
r6 = (9/32}(dDgb "YABSgbVJnt) /_ (CORT) 
. . .. . . . . 3 
(2/3) - (Ygb/2'YAB) + (1/J)('Ygb/'YAB) (1/2) ln(l/r) 
••• (6) 
where Sgb is the soiubility of second phase at the gr~in 
·,; 
bo~ndaries, 'Ygb is the grain boundary energy of the matrix 
phase, and f is the fraction of the grain boundary covered 
if 1, 
/! 
by particles. 
The effect df volume fraction on the coarsening rate of 
particles is not well understood. To account for larger 
volume fractions (where particle interaction occurs), .Ardell 
[31] obtained a modified equation identical to Equation (4), 
except for a constant. km which accounts for the volume 
fraction. This constant ranges from unity at zero volume 
fraction of particles, to 10 at a volume fraction of 25 
percent. Clearly, Ardell's modified theory predicts a 
significant increase in the particle coarsening rate with 
larger volume fractions. Ardell also modified Kirchner's 
. 
relation, Equation (6), for grain boundary diffusion 
controlled particle· coarsening to account for volume 
fraction. For grain boundary diffusion however, the 
increase in th~ particle coarsening rate predicted with 
increasing volume fractions is much less than.for lattice 
diffusion controlled coarsening. 
Ardell's analysis does not mathematically account for 
. /./ interpenetration of particles, and he.found only one·data 
j 
• I 8 
"" 
.,-, 
r 
/ 
... 
• 
. 
set which agreed with his theo~y, (Cu with <3 vol% Co 
-
precipitates [ 3 2] ) whereas other systems., such .as N·i-Al and 
I-
' Fe-cu, ~bowed n6 volume fraction effect at higher volume 
-fractions (9 - _20 volume pe~cent) [33-35]. The diffusion. 
geometry surrounding each particle assumed in the derivation 
breaks down at higher volume fractions, where particles 
become close together [29,31]. 
If the diffusivity of the particle species is 
·sufficient to make them mobile within.the matrix, Ostwald 
ripening is not the only mechanism for coarsening. 
Particles can coalesce as they are swept along by migrating· 
grain boundaries [1,5,18,·19]. 
1.4 Percolation Theory 
Newnham [36] proposed· a method of notation for 
describing composite microstructures. ·The notation consists 
. 
of two numbers which describe the dimensionality of the 
.•. 
connectivity· of the phases present. For example, a 0-3 
composite consists of isol~ted particles in a three-
dimensional matrix of a different phase. A composite which 
consists of two interpenetrating phases is a 3-3 composite 
- in the Newnham nomenclature. 
The connectivity of second·phase particles increases as 
. ~ the volume fraction of that phase increases [37]. At some 
volume fraction, the minor phase becomes.interconnected. 
9 
• 
• 
y_ I 
·• . I , 
• 
.. 
•. 
I.".·-••• 
I 
'· . 
( ( 
) y 
~ ·. That is, there is ·at least on path from one $ide of the 
structure to -the_other·through ttie second phase,· and the 
structure changes from a 0-3 composite ._to a 3-3 composite • 
Simplistically, if we model a two-phase grain s~ructure as a ; 
. 
. 
I 
random packing of conducting and non-conducting spheres, the 
. critical volume fraction of conducting spheres nec~ssary.to 
I I 1 
provide conduction from one end of the structure to the 
·other is 0.183 (18.3%) (38-40]. This number is dependent ·on 
the packing fraction, f, and the coordination number of the-
~ 
spheres (for random packing, f = 0.58-0.60). For regular 
packing arrangements, stich as cubic (FCC, BCC, simple cubic 
and diamond cubic) and hexagonal close-packed, the critical 
volume fraetion is between 0.144 and 0.163. Cahn suggested 
that percolation occurs, in an idealized grain structure, at 
a volume fraction of 0.20 (20%) (37]. If ·the matrix phase 
is thought of as a continuum, and irregularly-shaped 
particles are added, the critical volume fraction becomes 
0.16 (16%) (41]. The percolation threshold is of interest 
fo~ many materials systems, such as ferromagnetism (42], and 
the onset·of transport in thin films, and ceramic-metallic 
systems. [ 39] 
Clearly, the percolation threshold in a dual-phase 
microstructure is dependent.on the geometry.of the packing, 
. . 
and the coordination of the grains. Computer,.modeling is a 
common way .. for determ-i:·~ing critical vo.lume fractions. [43] 
10 
• 
• 
• • 
., 
. . 
• 
However, modeling microstructures tend to over simpli'fy. the: 
" grain shape in order to solve the problem. Experimental 
··determination, such as by conductivity measurements is the 
most rel-iable method to determine this value . 
• 
2. Mechanical·Testing 
The -methods used for the determination of the 
mechanical behavior of the dual-pha$~ microstructures in 
this study involve indentation. For measuring the 
mechanical strength, the indentation-strength-in~bending 
method is used, which eliminates random surface effects by 
introducing controlled flaw sizes. The following is a brief 
, 
dis~ussion of specimen-indenter interactions, strength-
indentation testing and indentation creep. 
2.1 Specimen-Indenter Inter~ctions 
When a sharp indenter contacts ,a surf ace, both 
elastic and plastic deformation are produced. The plastic 
deformation is seen in the familiar impression associated 
~', 
with hardness testing. In brittle materials, the residual 
. . 
tensi;I.e stress field surrounding th.e impression· causes 
. 
radial apd lateral cracks to open .. The fracture mechanics 
. . 
of indentation cracks have been considered elsewhere [44-
4 7] .. It is the size of the radial cracks, and the strength 
degradation associated with them·that form the basis of the 
strength~indentation testing method. 
. .j, ' 
.f. 
I . 
• I 
. . 
, 
< . 6' 
f 
2.2·strength-Indentat~on·Testing 
., 
The introduction of controlled.flaws to test the 
·, . 
.. 
. ... .. 
intrinsic behavior of a ceramic is well establ·ished ( 48~51]. 
By introducing a -well-defined flaw, differences in 
surface quality do not control the.specimen-to-specimen 
variability in the strength.· These contact flaws simulate 
the type of damage encountered during. machining and service . 
. 
From the fracture mechanics (52,53], the strength-
... 
indentation load behavior of materials which do not exhibit 
·R-curveJ,ehavior will follow the relation: 
<1 a p-1/3, 
. • •• ( 7) 
where <1 is the fracture strength and Pis the indentation 
\':I 
load. R-curve behavior is an increasing toughn~ss with 
increasing crack size, caused by crack wake effects. If 
equation (7) appli~s, then the fracture toughness, ~c' can 
ii 
be calculated with the following expression: 
Kc = TJ (E/H) 1/8 ( u pl/3) 3/4, ••• ( 8) 
where 71 is a ge.ometrical constant, which was experimentally 
determined.by Chantikul et al. to be 0.59 +/- 0.12, Eis the 
modulus of elasticity, His the hardness and <1 is the 
. 
strength for a give~ indentation load, P (53]. 
2.2 Hot Hardness and Indentation Creep 
Nondestructive and requiring minimal material, the 
hardness test has proved convenient f0r determining the 
12 
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· relative performance of matertals. Rece_ntly, the 
. . 
avaiiability of commercial.hot hardn°ess· apparati hJve 
renewed interest in the use of high temperaturer indentation ·· 
I • to st\}dy mechanical behavior of cerami-cs •. It would be 
useful to correlate high· temp.erature hardness data to creep 
• 
behavior.- In this regard, the·size.of the impression made· 
during a hardness test has been found to depend·on the time 
the maximum load is applied. At low homologous temperatures 
' 
' . 
.. (temperatures relative to the material's melting point), 
this phenomenon has been attributed to surface adsorption of 
water, which changed the deformation characteristics of the 
specimen [54]. However, this effect has also been ocserved 
- ' 
at higher indentation loads, where environmental effects 
cannot explain the phenomenon [55]. 
At high homologous temperatures, it is co·nvenient to 
consider the -hardness test as the sum of two mechanisms: (i) 
the penetration of the material at a high strain rate which 
is accommodated by twinning and slip, and (ii) a time 
dependent behavior, at lower strain rates, which is 
,. 
contr~tlled by cree.p [56]. Atkins, Silverio and._ Tabor [57] 
described this effect using a transient-creep mod~l under . 
constant stress conditions, and arrived at the expression: 
H-m = K1 exp (-Q/RT) (t), ••• ( 9) 
where K1 , and mare constants, His ~he measured ,hardness 
(impression size), tis the load dwell time, Q is the 
13 
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activation energy fot creep,·R is the.gas constant and Tis 
t,· 
the absolute temperature. At temperatures above o. 5Tm;. good · 
agreement between.experimental results and theory were 
reported and the measured activation energies agreed with 
activation ~nergi~s for self diffusion [58-~1]. 
Empirical relations have been given for indentation 
creep at constant temperature, and are of similar form: 
H = H t-c . 
. 0 I .~.(10) 
where His the· measured hardness at time t, H0 is the 
hardness at time zero (the time.it takes to reach the 
maximum load applied) and the exponent c is indicative of 
the time-dependent deformation (creep) behavior of the 
material. [62] Use of this expression provides a means of 
comparison of the high temperature behavior for different 
microstructures. 
\' 
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Experimental Procedure 
1. Powder Preparation 
' ./,r 
. . 
'! 
,· 
Commercial .a"lumina (Sumitomo AKP~HP) and cubic zirconia 
(Tosoh 8Y-Zr02 ) powders were mixed in 200 proof ethanol and 
·1 
I 
' ball milled in Nalgene bottles ~ith Tosoh 3Y~zro2 med~a 
for 16. hours at a rotational speed of 180 RPM. The powders 
were mixed in proportions to generate (l-x)Al2o~:(x)c-zro2 
composites (where xis the volume fraction). The values of 
x were 100, 95, 75, 50, 25,.5 and o. · Densities of 3.965 
g/cc and 5.90 g/cc were used for Al 2o3 and c-zro2 (8 mol% 
Y2o3), respectively, to determi~e the weight fractions of 
each powder. Table I shows the weight fraction of each 
powder in the composite. 
After ball milling and removal of the grinding media, 
. 
the ethanol in the slurry is evaporated on a stirring hot 
plate and under an infrared heat ~amp. A magnetic stirring 
bar was used to agitate the slurry during evaporation to 
prevent differential settling of the. powders .. After 
. 
evaporation of the ethanol, the dried cake is placed in a 
polyethylene.bag and rolled with a rolling pin to crush the 
large, soft agglomerates in the'powder. All. powder 
processing was performed under clean room conditions. All 
. 
labwear, teflon and. polyethylene,··_ was acid washed to remove 
. 
organic, cation, and glassy phase impurities prior to use. 
Table II shows the steps taken during acid washing. Clean-
15 • 
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·Table I. Powder Compositions in Weight Percent. 
p·owder Al2Q3 AZ5 AZ2·5 --AZ50 
Al2o3 * 
., 100 92.7 66.8 40.2 
· c-zro2 
@ 0 7.3 33.2 59.8 
"* @ Sumitomo AKP-HP alumina, Japan. 
Tosoh 8Y-Zro2 , Japan. 
·AZ75 AZ9-5 
. .. 
18.3 3. 4. 
,81. 7 96.6 
c-zro2 
,, 
--, 
100 
0 
' .. ,,_/ 
Table II. Acid Washing Steps for polyethylene and 
teflon labware. 
Solvent 
Trichloroethylene 
Acetone 
Ethanol 
Deionized Water 
Aqua Regia 
( 3 parts HCL, 
1 part HN03) 
Deionized Water 
H·ydrofluoric Acid 
(1 part HF, 
5 parts D.I. Water) 
Deionized Water 
.. 
Time 
5 minutes 
5 minutes 
5 minutes 
rinse 3 times 
1 hour 
rinse 5 times 
1 hour 
rinse 5 times 
16 
.. 
Purpose 
Degrease 
Remove metallic. 
impurities 
• 
Remove glassy .. 
phase impurities 
• 
.f 
' . 
1 ·
. ' 
. . 
'i 
room processing was used to •prevent.contamination for 
. 
' ' impurities which ·could form _glassy grain bqundary phases in 
- ' . . 
· the composites. -~ 
2. Specimen Fabrication 
2.1 Bulk Specimens 
, 
' 
·Bulk specimens were pressed in a cylindrical. die with 
• 
a uniaxial pressure·.of 50 MPa. ·Following die pressing, the 
pellets were ·isostatically pressed at 350 MPa in sealed and 
. 
' 
evacuated penrose drain tubing. The green pellets were then 
. 
placed in an alumin~· crucible,·buried in powder of the major 
phase (Al2o3 or c-zro2) .an~ calcined for 18 hours at 1000°c, 
then sintered at 1650°C for a desired time, which ~anged 
from 1/ 4 hour to 100 hours.. Th.e heating rate was 5 ° C/min 
(300°C/hour) and the cool-down from the sintering 
.. 
temperature was 5°C/min down to 800°C, then 10°C/min to room 
temperature. 
2.2 Polishing and Thermal Etching 
A Leco (VP-150 VARI/POL) automatic polisher, with an 
eight inch wheel , .was· ·used. After iµounting the specimens in 
I , 
a suitable' .platten, the specimens were ground and polished 
with successively finer abrasive grits. The polishing 
schedule appears in Table III. The specimens for 
microstructural observation were removed from··the epoxy 
mounts and subsequently thermally etched at 1450°C for 90 .. 
17 
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· Tabl·e III·. .Automatic Pqlishing Schedule 
·. 
Grit Time RPM Lubricant, 
220* 20-40 I min. 150 water 
• 
.. 
400*· 20-30 I 150 . water min. 
600* 20 • 150 water min. 
45 ** 10 I 200 Glenoil m min. 
m@ 15 40 I min. 
Lapping 
200 Vehicle 
6 ** 20 • 200 
'' 
m min. 
1 ** 20 I 200 
" 
m min. 
* Leco diamond grinding whee1,140 lbf pressure. 
** @ ~nnington diamond paste on silk cloth. 
Dunnington diamond paste on Lecloth . 
• 
f . 
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minutes'· for Al 2o3 , ·IAZ5, ·-AZ25, AZSO and AZ.75.-. 
. .:; 
Fo~ AZ9s·and single phase ~-zro2 , the conditions were 9~ / 
\. '"'•"•·•,(' 
:. 
minutes at :1400°-C. 
# 
<:. ' 
3. Microstructural Evaluation 
3.1 Microstructural Observation 
Microstructural observation wa,s carried out using an 
ETEC Scanning.Electron Microscope c·sEM). The polished and 
..t, thermally etched ~pecimens were mounted on stubs with a 
conductive carbon cement. After. drying, the s 1pecimens were 
coated with.Au-Pd (250A) to prevent .charging in the SEM. A 
typical working distance was 25 inm, and the accelerating 
voltage was 20 kV. Magnification calibration was performed 
using latex calibration spheres (10.3 micron) manufactured 
by the Emulsion Polymers Institute at Lehigh University. 
3.2 Grain ·Size Determination 
SEM micrographs were taken of samples from each heat 
treatment. Approximately 400 grains were counteg to 
determine the average grain size. The lineal intercept 
method derived by Wurst and Nelson [63] was adapted to. 
determine the average grain size of each phase. Random 
lines were drawn, grain boundary, and interphase boundary 
intercepts were counte.d, and .the following equations were 
used: 
•.• ( lla) 
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where GA- and Gz are the alumin~_ and zirconi~ grain sizes, 
respectively, L_ is the total length of lines drawn, VA and 
Vz are the volume fractions of alumina and zirconia, 
. 
respectively, NAA, NAZ and Nzz are the number of alumina-
alum·ina, alumina-zirconia and zirconia-zirconia intercepts, 
respectively. The constant, 1.56, is the correction factor 
for equiaxed grains and a random cross-section. 
4. Mechanical Testing 
. -
4.1 Strength-Indentation Testing 
Mechanical testing specimens were fabricated _using the 
procedure outlined in section 2.1. The diameter of the 
cylindrical die was 31.75mm (1.25 inch). The weight of 
powder per specimen was chosen to provide a final fired 
thickness of approximately 3 nun (using-an average shrinkage 
and density). The weights per sample were: Al2o3 - 5.0 g, 
AZ5 - 5.2 g, __ AZ25 - 5.7 g, AZ50 - 6.3 g, AZ75 - 7.0 g, 
AZ95 - 7.5 g and c-zro2 - 7.6 g. 
The single phase Al2o3 specimens were sintered 
at 1650°C for 3 hours, AZ5, AZ25, AZSO and AZ75 were 
sintered at 1650°C for 9 hours, AZ95 was sintered at 1550°C 
for 6 hours and the single phase c-zro2 specim~ns were 
sintered at 1500°C for 2 hours.· All specimens were sintered 
. . 
in.an-~ir atmosphere. The firing schedules for Al 2o3 ,· AZ95 
20 
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and c-_z.ro2 were .chosen to provide a final average· grain size 
.. 
. between. 4 · and _5 microns. Thirty-six disc·s of each 
. 
composition were prepared for strength-indentation testing . 
After removal of the.packing powder, the discs were rough 
ground, on a 220 grit diamond wheel, to provide a flat 
surface. Between 12 and 18 discs were then glued to a 5.5 
inch diameter steel platten (with super glue) in preparation 
for polishing. The polishing schedule outlined in Table III 
·(page 18) was used to prepare surfaces for indentation. 
After removal from the platten, measurements of the 
;I 
thickness and diameter were made. The centers of the 
polished face of each disc were indented, using a Vickers 
diamond pyramid, with loads of 2, 5, 10, 50, and 100 N, with 
a dwell time at load of 15 seconds. A drop of silicone oil 
, •• ~ -)I 
(704 diffusion pump oil) was placed over the indentation 
site to guard against subcritical crack growth from water 
vapor. 
The indented discs were then broken in biaxial ·flexure, 
on an Instron servo-hydraulic testing machine. A schematic 
diagram of the testing fixture appears in Figure 1. The 
Instron was setup so as to fracture the discs in 7 - 15 
i 
milliseconds. This was done ~o eliminate possible 
envir~n~ental effects at the crack tip during·testing. The 
I 
maxi~um load was r~corded for each specimen using an 
oscii~oscope. Five discs of each composition were tested 
21 
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.J, 
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-
n ?Pecime 
I 
I 
I 
L - - - - - - - _1 
Indent, bottom center Support, three point 
0 0 
0 
Specimen, top view 
Figure 1. Illustration of the Indentation-strength-in-Bending test. 
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. for each ind~ntation load~ 
4'. 3 Hardness 
. 
.. 
Specimens were cut using a·diamond saw from the broken 
pieces ·remaining from strength-indentation testing. Two 
. 
slices· (5 x 10 x 2 .• 5 mm) were cemented togethe~ with high. 
temperature aiumina cement to generate the required specimen 
size~ The polished surfaces from the mechanical test 
specimens ·were preserved during sawing to be used for 
indentation.· All specimens were given a thermal etch 
treatment prior to testing to remove any surface stresses, 
, and to eliminate any possible volatile phases present in the 
cement. 
.. 
A Nikon QM microhardness tester was used to measure 
. 
hardness at room and elevated temperatures. A Vickers 
diamond indenter was used with a load of 10 N. A standard 
dwell time of 10 seconds was chosen. The elevated · 
temperature tests were carri~d out under vacuum (2xlo-5 
.. 
Torr) to prevent oxidation of the furnaces and indenter 
• 
equipment. The specimen was allowed to equilibrate at each 
~ ' 
temperature for 5 minutes prior to testing. Five to eight 
. 
observations were averaged for each hardness· determination. 
The length of the diagonals were measured, and the hardness, 
Hv was determined by the formula: 
Hv = 2Psin(l36/2)./d2 ••• ( 12) 
:where Pis the load in Newtons, and dis the diagonal length 
f 
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in meters. The 136 degre~s comes from the indenter geometry. ·. 
From ,this equation, hardness ,has the units of'' 'GPa • 
... 
4.4 Indentation ·creep 
• •'' 
Indentation creep experiments were carried out on · ·· · 
selected compo$itions. These tests consisted of a series of 
indentations made under various load-dwell times.. . Dwell 
times of 3, 10, 30, 100, ·300, 1000, and 3000 seconds were 
. 
chosen, and 5-7 observations were made·· at each dwell time. 
The specimens were heated to 1200°c under vacuum (2xlo-5 
Torr) and allowed to equilibrate for 5 minutes prior to 
·testing.~ Short time tests were repeated after the long time 
tests to determine if any microstructural change had 
occurred. 
• 
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Results and Di§cti~sion 
1. Microstructural Evolution 
' 
' 
-
'4 
· Figure 2 depicts the grain size as a function of 
sintering,time f6r the (a) Al 2o3 and (b) c-zro2 phases. It 
can be seen from these graphs that the average grain size of 
each phase decre~seS""with increasing volume fraction of 
second phase, wi~h AZSO ha~ing the1smallest grain size (of 
both phases) for all sintering times. From percolation 
theory, both phases in the AZ25, AZ50 and Az1·5 are expected 
to be interconnected, while the minor phase in AZ5 and AZ95 
is isolated. The interpenetrating microstructures show 
severe ~oarsening·resi~tance, in that after 100 hours at 
•' 
1650°C (60°C below the eutectic temperature), the grain size 
is still below 4 microns. Whereas the grain sizes in the 
single phase materials -are 15 and 40 microns for Al 2o3 and 
c-zro2 , respectively. 
The grain growth data for both phases was analyzed 
using the eg'Uation.Gn-Gg = Kt (Equation 1). Integer values 
of n· ranging from 2 to 6 resulted in lineai reg~essions 
which accounted for 90 to 99+ percent of the variation. In 
other words, any exponent used to describe the coarsening 
kinetics of these composites would provide a·reasonable fit 
to the experimental data. Mith this in mind, ~he value of 
,, 
n = 3 was chosen to provide a comparison with published data 
for the effect of other additives on the grain growth of 
25 
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Figure 2. Average 
for the (a) Al 2o3 zro2· composites. 
g~ain size as a function of sintering time 
.. 
and (b) c-zro2 phases in the the Al2o3:~-.. 
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and the c-zro2 phases (Kz) in the interconnected composites 
t 
· The I squares of the correlat.ion 
coefficients also appear in Table IV as an indication of the 
fit to the G3-G~ = Kt relation. 
' 
Tabl-e IV shows t_he dramatic decrease · in the coarsening 
rate of each phase as the volume fraction .of second phase 
increases. AZ50 exhibits the slowest coarsening rate fQr 
both phases. If the addition of the second phase in AZSO is 
. 
compared to the effect of MgO-solute additions (250 ppm) to 
Al 2o3 [64], the rate constant is decreased by a factor of 
160 for AZ50 (cf. decreased 50 times for MgO additions at 
1600°C). 
Typical microstructures of the seven compositions, 
a ft
1
er -- 2 4 -h-ours at 16 5 o O c, appear in· Figures 3 and 4 . 
Comparing the microstructures of AZ5 to AZ95 and AZ25 to 
. . 
AZ75, it can be seen that the shape of each phase is not the 
same. This is not unexpected [37] since the interfacial 
energy and the grain boundary energies are not expected to 
be the same. The Al 2o,3 grains tend to be more spherical 
th~n the c-.zro2 grains. From this observation, qualitat·ive 
conclusions can be made concerning the relative values. of 
. . 
the grain boundary energies ('YA.A and Yzz) and the .alumina-
zirconia interfacial energy_( YAz), :i.e. 
-\ 
i" 
I 
'Y AA > 'Y AZ > 'Yzz' 
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Table IV. Grain growth rate constants, KA and Kz, for the Al 2o 3 and c-zro2 phases, assuming the kinetic equation G3-G~ = Kt. 
Volume 
Percent 
Zr02 
0 
5 
25 
50 
75 
K X 1023 
tm3 /s) 
1200 (.943)* 
65 ( . 9 8 4) 
10 ( • 912) 
7.3 (.938) 
1.8 (.840) 
Volume 
Percent 
Al 2o3 
0 
5 
25 
50 
75 
K X 1023 
~m3/s) 
27000 ( . 9 8 4) 
640 ( . 8 8 3) 
20 (.929) 
7.6 (.943) 
1.9 (.926) 
*The numbers in the parentheses fepresent the square of the 
correlation coefficient . 
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Figure 3 . Typica l microstructures , afber ~~ hours at :G ~o -c , 
! 
f o r ( a ) s i n g 1 e p h a s e ~; l = L- 3 , ( b ) rl 3 :> , (' c ) 4.\ 3 ::2 5 a r1 d \ 3 ; ~~ = :-i u . (Secondary electron images ) 
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. Similarly, the zirconia phase is more wetting than the 
-alumii:ia_ phase • 
. .. 
Growth of the isolated p~rticle1s in AZ5 and Azg·~ occurs 
by Ostwald ripening for the-particles ·trapped· in the grains, 
and by a combination of Ostwald ripening and particle 
coalescence by-collisions due to boundary migration for the 
intergranular-particles [1-3,5,18,19]. For the 
interconnected structures, grain coarsening occurs by 
·diffusion of ~atter along grain boundaries, interphase 
boundaries and ~hrough _the lattice. The possible diffusion 
. paths for both phas~s are illustrated in Figure 5. Since 
" 
..• ,~ 
the two pha,ses .. have limited mutual solubility, the most 
likely diffusion paths for matter (of each phase) is ·along 
grain boundaries and interphase boundaries. 
It is also important to consider the effect of grain 
' . 
coordination number and dihedral angle on the driving force 
for coarsening4 For a given dihedral angle, particl~s with 
a low coordination nuinber tend to have boundaries which are 
curved outward (Fig-ure 6). In this case, t}:le driving force 
for coarsening is for larger particles to grow and smaller 
. particles to shrink, due to the higher curvature of smaller 
particle boundaries (blassic Ostwald ripening) .. However, 
particles with a_ high coordination number, will have 
" boundaries which are curved inward. This, in effect, would 
• 
9 
• reve~se the driving force for coars~ning, and smaller· 
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• ions 1n 
Dzu<~> 
DAL(Z) ~ 
! .• 
.. 
DAL AI+3 lattice .diffusion 
DAB(AA) Ai+3 grain boundary diffusiOn 
DAB(ZZ) Al+
3 d"ff .· 1 us1on along c-Zr02 grain boundaries 
DAL(Z) 
+3 "' 
Al diffusion through c-ZrO 2 lattice +3 . 
Al . interphase diffusion • DAI 
- Zr +4 lattice diffusion 
DzB(ZZ) - Z +4 . r grain boundary diffusion 
DzB(AA) -
+4 
Zr diffusion along AI20 3 grain boundaries 
DZL(A) - Zr +4 diffusion through Alz 03 lattice 
- interphase diffusion 
-2 
0 ions can move through the lattice of either phase, 
along grain boundaries and along interphase boundaries. 
+3 
Y ions can also diffuse through.the lattice of each phase, 
along grain boundaries and q.long interphase bouncfaries. 
s. Possible diffusion ·paths for 
the Al 2o3 ~c-zro2 composites • 
• 
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Case I. Low coordination number· 
. '
Case II. High coordination number 
Figure 6. Illustration 
coord·ination number on 
showing_. the 
the driving 
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effect of 
force for 
particle 
I coarsening. 
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particles would "grow at th·e e~pense. of large ones by the 
same argument. This e·ffect would gi.ve the composite a self-
. 
·stabilized structure [65,66]. 
It is believed that the combination of limited mutual 
• 
solubility of the two phases, long diffusion. paths an·d the 
. , 
effect of second phase coordination number give.rise to the 
. 
coarsening,resistance of these interpenetrating 
microstructures. 
2. Mechanical P~operties 
2.1 Strength and Toughness 
The fracture stress, a, was calculated using the 
equation proposed by Watchman et al. [67], which states: 
. a = -3P/ 4 7r d 2 (X-Y) ..• ( 14) 
with: 
,·, 
X = (l+V)ln(B/C) 2 -f:, ((1-V)/2)(B/C) 2 •.. ( 14a) 
Y = (l+V) (l+ln(A/C) 2 ) + (1-v) (A/C) 2 ••• ( 14b) 
where Pis the load at failure, dis the specimen thickness, 
. 
vis Poisson's ratio, A is the radius of the support circle, 
. Bis the radius of the loaded area and C is the specimen 
radius. 
A c9rrection proposed by de With a·nd Wagemans [ 68] was 
applied due to the thickness of the specimens relative to 
the punch radius. This correction is as follows: 
••• ( 15) 
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· where b is the .. radius of uniform loading which was assumed 
by watchman et al. to be equal· _to punch radius z, and t is 
. 
This corrected value, b, was then 
0 
substituted into equations (14a) and (14b) fo_r the variable 
. 
B. This dorre~tion is necessary for thinner specimens ·due 
. to the greater amount flexing of the specimen under the 
applied load. [68] As the·amount of bending of the sample 
. , 
,, (prior to fai·lure) changes; the area under constant loading 
changes. 
Figure 7 shows the room temperature strength-
indentation behavior for the s~ven compositions. It can be 
clearly seen that the strength for the Al2o3 :c-zro2 
composites dec~eases with increasing c-zro2 content for all 
indentation loads. It can also be seen that the strength 
follows a classic p-l/ 3 relation (52,53]. 
The indentation crack behavior of these composites can 
be seen in Figures 8 and 9. In single phase Al 2o3 , the 
. 
crack propagation is mostly intergranular. For increasing 
c-zro2 content, the a~ount of .intr~granular fracture 
increases, and in single phase c-zro2 , the f~acture behayior 
is al.l intragranular. Indentation cracks on polished 
surfaces were used rather than fracture surfaces because 
they are more.revealing as far as the relative amounts of 
in~er- and intragranular fracture. 
,. . 
--~ 
Since no R-curve behavior .. was exhibited (ua p-l/3), 
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..../' • fracture toQ.ghness was calculated using Equation (8) 1 which 
stated:· 
••• ( 16) 
The E/H (elastic modulus-to-hardness ratio) ratio was 
determined using the method outlined by Marshall et al.(69]. 
I Using a Khoop indentation, the amount of recovery in the 
· short diagonal is proportional to H/E, where 
b' /a'~ b' /a = b/a - a(H/E) •.. ( 17) 
. 
where a' and b' are the measured lengths of the long and 
short diagonals, respectively, a and bare the unrecovered 
diagonal lengths (defined by the indenter geometry), and a 
is constant (experimentally· detern1ined to be o. 45 [ 69]) . ·rn 
this analysis the length of .. the long diagonal is assumed to 
not change significantly upon recovery. The.E/H ratios 
determined for the seven compqsite compositions were all 
within 10%. Since the uncertainty in the measurement was 
also about 10%, an average value was used for E/H (which was 
17. 6) • 
. The fracture toughness, as a function of c-z~o2 . 
. . 
content, is displayed in Figure 10. Again, a series rule-
of-mixt~res behavior is observed, with single phase Al2o3 
exhibiting the highest toughness. The toughness of the 
' 
composites, Kc, follows the relation: 
Kc= KAVA+ KzVz ••• ( 18) 
,. 
· where· KA, ·-VA, Kz and Vz' are the toughness values and volume 
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J? fractions of Al 2o3 and c-zro2 respectively. 
' The error bars presented in Figure 10 are misleadingly 
small. There exists a 20% error associated .with the factor 
(53], which was not included in the determination·of the 
error. -The var~ation of strength at each indentation load 
' 
was the source of the reported error. The absolute values 
• 
of the toughness are not nearly as important as the trend of 
the data. 
The data reported by Lange [70] is also presented in 
Figure 10. In Langa's study, the toughness was determined 
by measuring the length of indentation cracks [71,72], so 
the absolute difference between the two data sets was not 
unexpected. However, the difference in the relative values 
of the toughness of c-zro2 was un·expected. No comment was. 
given·in Lange's report as to the increase in toughness at 
the c-zro2 end. The decrease in toughness of.c-zro2 u~on 
Al 2o 3 addition-was postulated to be a result of residual 
stresses due to d·-ifferential thermal expansion. From the 
present results, it is believed that the toughness behavior 
in these composites ·is related to the volume fraction of 
• 
each phase. The percent of intergranular fracture increases 
with increasing alumina content, as does the strength an~ 
0 
toughness. These crack propagation observations correlate 
with Equation (13), 
... ( 13) 
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where,. -YAA .and '"Yzz are the grain _boundary energies for Al 2o3 
and _c-zro2 , respectively and lAz is·the Al 2o3-zro2 · 
interfacial·energy. One would expect brittle ·fracture to 
occur int~igranularly in materials with high grain boundary 
energy, and intragranularly in materia-ls with 16·w grain 
boundary energy. 
Work in another dual-phase system, Al 2o3 :Al2Tio5 , has 
I shown that residual stresses due to thermal expansion 
differences vary with grain size [73]. That·is, at larger 
grain sizes (10 - 20 microns) the effect of residual stress 
can be seen in the strength-indentation load behavior (R-
curve behavior). The difference in thermal expansion 
coefficients in· the Al 2q3 :Al2Tio5 system is much greater 
than in the Al 2o 3 :c-zro2 system [74]. Despite this 
difference, it is reasoned that the lack of residual stress 
effects (R-curve) in the A1 2o~:c-zro2 composites made is due 
to the fine grain size of the samples- [ 52]. 
Specimens of single phase Al2o3 and AZ50, which were 
subjected to a heat treatment of 100 hours at 1650°C, were 
tested. These results are shown in Figure 11. It can be 
seen that there is no sign~ficant change in the strength-
indentation behavior as a result of·the heat treatment. 
However, in single phase Al 2o 3 , the strength has dropped 
• 
significantly ~or small flaw sizes (low indentation loads) 
due to grain growth. The strength-indentation load behavior 
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of the AZ25 and AZ75 compositions ~ould not be expected to -
change either, · afte-r a similar heat ·treatment, assuming that 
the grain size is- the controlling factor in the strength 
behavior. The grain growth in the AZ25 and AZ75 
I}, 
compositions after 100 hours at 1650°C would not be not t \ 
I 
sufficient to degr~de the strength si~nificantly. This 
result shows the reliability of the microstructure and 
"" ' 
mechanical properties in these interpenetrating 
microstructures. 
2.2 Hardness 
Figure 12 displays hardness (Vickers indenter) as a 
function of c-zro2 content, at room temperature. A 
deviation from the series rule-of-mixtures behavior is 
observed. It is clear that the hardness of .c-zro2 increases 
with incre~s~pg Al 2o 3 additions, which is expected, since . . 
·alumina is the harder phase. The deviation from this 
behavior for high alumina contents may be due to solute 
. 
effects [75,76]; the zr+4 (and/or y+3) ions present in the 
Al 2o3 lattice providing lat~ice strain in the AZ5 
1 
~ 
~' . 
composition due to the size difference of the ions. The 1 
point defect~ associated with the valence difference of zr+4 
on the Al+ 3 _sites is also a possible cause [77]. The 
solubility of zr+4 an~~y+3 .in Al2o3 is ve~ small (<150 ppm) 
[78~80]~ Neverthel~ss, it has been shown that doping 
sapphire with small amounts, 200 - 300 ppm, of transition 
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metal ions .(Mg+2 and. Ti +4) increases the critical resolved . 
shear stress by an order qf magnitude at 1500°C [75]. 
Dj.slocatio.ns, · slip lines and twins are observed around 
indentations made at room temperature in sapphire. I Since 
significant bulk dislocation motio!?,_'1 does ndt occur. in Al 2o3 
' ' below 1000°c (81,82], the dislocations and slip lines around 
·II, 
the hardness impressi.on were attributed to the very high 
localized stresses associated with the inden·tation process 
. [83,84]. Since dislocations are associated with indentation 
at room temperature in Al 2o3 , it is not unreasonable to 
attribute the ·hardness anomaly of the AZ5 composition to a 
solute effect'. 
The discrepancy is not due to a difference in grain 
size, since the composites tested all had the same average 
grain size (major phase). If solute· zr+4 and/or y+ 3 ions 
are providing a la·ttice strain in the Al 2o 3 , it would appear 
that there is little effect on the crack propagation 
behavior, as seen in the strength-indentation load behavior 
in these materials. 
Hardness as a function of temperature, for the seven 
. 
compositions, appears, in Figure 13. For the· high zirconia 
compositions (~25 volume percent) there is a precipitous 
drop in hardness up to about 500°C, then the hardness 
decreases more slowly up to 1200°c. The single phase Al 2o3 
behaves differently from single phase c-zro2 . The hardness 
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forc-zro2 above 500°C, although low, remains ·aimost 
constant up to 1200· 0 c. The ha'rdhess continuously· decreases 
.. 
exhibited in the AZ25, AZ50 ,· AZ75 and AZ95 composites. The 
(l'4 
zro2 phase, being cubic, has more possible slip systems than 
·1 
the Al 2o3 phase (hexagonal) , making c-zro2 more pla?tic than 
\ 
Al 2o3 at any temperature [82]. In this regard, one would 
expect that the AI 2o3 will act as a reinforcement for the 
mo~e plastic c-zro2 . Since the hardness of- single phase 
Al 2o3 is lo~er than AZ25 and AZ50 above 700°C and 1000°c, 
.. 
I I I the temperature dependence of hardnes~ 1n these· composites 
is more complex than a series rule-of-mixtures law. It is 
postulated t~at the interconnectivity of the two phases 
provides the higher hardness than the single phases at 
higher temperatures. The int~rph~se boundaries may be 
acting as barriers for deformati9n (twining and slip), as 
• 
deformation becomes easier at higher temperatures. This 
type of hardness behavior (decreasing slope with increasing 
temperature) ~as been seen in hpt pressed we and Tic 
• 
~J/ 
specimens as well [85]. 
2.3 Indentation Creep 
Indentation creep experiments were performed on the 
single phase Al 203 and the AZ50 compositions only. 'tt:igure 
14 shows the apparent hardness as a function of load-dwell 
., · time at 1200°c. Apparent .hardness is merely a con~ient 
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, · term used1~ to describe the indentation size as a function of 
load-dwell·tirne, and is calculated the same way (load 
divided by indentation area). Degrqdation of the diamond 
indenter, blunting of the indenter and poorly defined 
indentations were significant problems during indentation. 
creep exgeriments. ( 
.: 
'\. 
It can be seen that the AZ50 material has a higher 
•• 
apparent hardness than single phase Al 2o3 for all load-dwell 
times. The c-zro2 data, was measured with a lower 
indentation load (3 N) by another investigator. {86] It is 
felt- that the different indenter loads do not pose a 
significant source of error in the ·interpretation of the 
data, since measurements made at each load yielded 
identical values for a 10 second dwell time. 
The data in Figure 14 were fitted to the empirical 
Equation ( 10) 
H = H t-c 0 •'•. (10) 
and the values of H0 and c, referred to as the static 
hardness and apparent hardness exponent, respectively, 
appear in Table V. These values show that the .AZ50 material· 
I 
' ·' 
exhibits superior static hardness (intrinsic resistance to 
deformation) as well as greater resistance to time-dependent 
deformation (creep) than single phase Al2o3 since the value 
of c ,_ls lower .(cf. c=O .12 for AZSO and c=O ._17 for Al2o3) . 
AZ50 also shows superior static hardness compared to single 
L. 
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Table v. Static hardness, H0 ~ and apparent hardness 
exponent, c, for single phase Al 2o3 , AZ50 and single phase c-zro2 . 
Composition 
Al 2o3 
AZ50 
c-zro2 * 
Ho 
(GPa) 
4.76 
4.97 
1.34 
. 
C 
(GPa/sec} 
0.17 
0.12 
0.09 
c-zro2 data courtesy J. Stanescu 
~ 
/,, 
5'1 
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• 
phase c-Zr~2 , however the tim~ depertdent·deformation is 
somewhat poorer (cf ... c=O. 09 for c-zro2 ) . .. The test 
. temperature (1200°C) ·is at a lower homologous temperatµre 
for c-zro2 than for Al2o3 , which could a~count for the lower 
' creep rate of c-zro2 . Since superplasticity has been 9hown 
in TZP/Al 2o3 ?omposites [14,15], grain boundary sliding 
should be considered as a possible deformation mechanism. 
TEM observations of indentation sites are needed to 
. •,• determine the dominant deformation mechanism in these 
composites at both room and elevated temperatures. 
Indentatiol1j sites,· after 1000 seconds, can be seen in 
Figures 15 and 16~, Clearly the amount of damage, in the I 
fprm of cracking, is much greater in the single phase Al 2o3 
than in the AZ50. This result implies that the toughness 
~ 
and impact/wear resistance of the AZ50 may be higher than 
s_ingle phase Al 2o3 at the testing temperature (1200°C). 
These high temperature results show that the intimate mixing 
of these two phases produces a material which in several 
aspects is superior to the single phases at high 
temperatures. 
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Figure 15. Indentation sites in (a) single phase ~1 20 3 and (b) AZ50 made at 1200 °c. Vickers indenter, 3 second dwell 
time, 10 N load, 2x10- 5 Torr. (Secondary electron images, 
20° tilt) 
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Figure 16. Indentation ·sites in (a) single phase Al 2o3 and (b) AZ50 made at 1200 ° C. Vickers indenter, 1000 second dwell time, 10 N load, 2xl0-s Torr. (Secondary electron 
images, 20° tilt) 
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Conclusions·· · 
. . 
. Based on the present study of microstructural development 
and mechanica·1 properties of the Al2o3 : c-zro2 system, 'the 
following conclusions·can be made: I) 
1. The high volume fraction composites {AZ25, AZ50 and AZ75) 
show dramatic grain growth restraint, compared to the single 
phases. After 100 hours at 1650°C (60° below the eutectic) 
the grain size of AZ25, AZ50 and AZ75 were all <4 microns, 
-whereas for the same heat treatment, the grain sizes for the 
single phase Al 2o3 and c-Zro2 were ·15 and 40 microns, 
respectively.· This effect is a~~ribut~d to the long 
diffusion paths and the hig~ coordination number associated 
with the interpenetrating microstructure. 
2. The grain growth rate constants, KA an~ Kz, for the Al 2o3 
and c-zro2 phases decrease contipuously (ov~r 3 and 4 orders 
of magnitude, respectively)· with in~reasing volume fraction 
'\ 
of second phase. 
3. The room temperature strength-indentation load behavior 
' 
exhibits a classic aap-l/ 3 behavior. The strength of the 
,/ 
• • I.I • • • composites incr,ases.w1th increasing Al 2o3 content (for all 
'' 
indentation loads). 
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4. The room temperature fracture toughness. of the· 
composites, deterinin:ed from the strength-indentation load· 
data, follows a series rule-of-mixtures behavior with 
I 
toughness increasing with inqreasihg Al 2o3 content. 
5. The AZ5 composition exhibits ~n anomalously high hardness 
for all test temperatures. This behavior is attributed to 
I 
possible solute effects of zr+4 and/or y+3 ions in the Al 2o3 
lattice. 
6. The c~zro2 phase s~rongly influen.ces the hardness 
behavior of the composites when it is interconnected. This 
behavior i·s seen as a precipitous decrease in hardness up to 
about 500°C, then a slower decrease up to 1200°c. 
7. AZ50 exhibits superior static hardness at 1200°c to both 
of the single phases alone. AZ50 also exhibits superior 
creep resistance, based on indentation creep experiments,. 
than single phase Al 2o3 and comparable resistance to single 
phase c-zro2 at_ 1200°c . 
• 
• 
56 
• 
.. .~ 
J' 
' ) 
References 
1. Lange, F. F., and Hirlinger, M. M., "Hindrance of Grain . I 
- I 
. Growth in Al 2o 3, by zro2 Inclusions", J. Am •. Ceram. Soc., .. 67 [3], 1984, pp. 164-16~. 
2. Lange, F. F., and Hirlinger, M. M., "Grain Growth in Two-Phase Ceramics: Al 2o 3 Inclusions in zro2 11 , J. Am. Ceram. Soc., 70 [11], 1987, pp. 827-830. 
3. Hori, s., Kurita, R., ~oshimura, M., 
"Suppressed Grain Growth in Final-Stage 
With Dispersed zro2 Particles'', J. Mat. pp. 1067-1070. 
and Somiya, s., 
Sintering of Al 2o3 Sci. Lett., 4 (1985) 
4. Green, D. J., "Transformation Toughening and Grain Size Control in 11"-Al2o 3;zro2 Composites", J. Mat. Sci., 20 (1985), pp. 2639-2646. 
5. Sheng, Y. , and Nicholson, P. S. , "Microstruc·tural 
~evelopment of a zro2-Na{1"-Al 2o 3 Composite", J. Mat. Sci., 22 (1987) pp. 982-986. 
. 
"¥~ 
~t~?/t 
,,},;.,.-? 
-u~~ 
6. Kim, J., Kimura, T., and Yamaguchi, T., "Microstructure Development in Sb2o3-doped ZnO", J. Mat. Sci., 24 (1989) pp. 2581-2586. 
7. Paton, N. E., and Hamilton, C.H., "Microstructural 
Influences on Superplasticity in Ti-6Al-4V", Met. Trans. A, 
lOA [2], 1979, pp.·241-250. 
8. Cope, M. T., Evetts, D.R., and Ridley, N., "Superplastic Deformation Characteristics of Two M~croduplex Titanium Alloys", J. Mat. Sci., 21 (1986)- pp. 4003-4008. 
9. Mahoney, M. W., and Ghosh, A. K., "Superplasticity in a High Strength Powder Aluminum Alloy With.and Without sic Reinforcement", Met, Trans. A, 18A [4], 1987, pp. 653-661. 
10. Maehara, Y. , and Ohmori, Y. , 11·Microstructural Change 
During Superplasti~ Deformation of o-Ferrite/Austeni't4e Duplex.stainless Steel", Met. Trans. A, 18A [4], 1987, pp. 663-672. ~ 
11. Pilling, J., and Ridley, Superplasticity in Crystalline Solids, London, The Institute of Metals, 1989, pp .. 8-47. 
• 
12. Edington, J. W., "Microstructural Aspects of 
Superplasticity", Met. frans. A, 13A (5], 1982, pp. 703-715. 
57 
• 
., 
" 
,, ... , 
; 
, 
... 
13. ··wu, X., and,., Chen, I., "Superplastic Bulging of Fine-
Grained. zirconia 11, J. Am. Ceram. Soc., 73 [3], 1990, pp· . 
746-49. 
:,._4. Kellett, B. J., and Lange, F. F.~ "Hot Forging 
Characteristics of Fine-grained zro2 and Al 2o 3;zro2 Ceramics", J. Am. Ceram. Soc., 69 [8], 1986, C172-C173 . 
.. 
15. Wakai, F., and Kato, H., "Superplasticity of TZP/Al2o3 Composite", Adv. Ceram. Mater., 3 [l], 1988, pp. 71-76. 
16. Pysher, D.,. Goretta, K. C., Hodder, R. ·S., and Tressler, R. E., "Strengths of Ceramic Fibers at Elevated 
Temperatures", J. Am. Ceram. Soc., 72 [2], 1989, pp. 284-288. 
. 
" 
1 7. Nourbqkhsh, s. , Liang, F. L. , and Marg"ol i·n, H. , 
"Characterization of a Zriconia Toughened Alumina Fiber, 
PRD-166", J. MAt. Sci. Lett., ·8 (1989), 1252-1254. 
18~ Kibbe!, B., a·nd Heuer, A. H., "Exaggerated Grain Growth in zro2-Toughened Al 2o3 11 , J. Am. Ceram. Soc., 69. [3], 1986, pp. 231-236. 
19. Kibbel, B. W., and Heuer, A.H., "Ripening of Inter- and Intragranular Particles in zro2-Toughened Al 2o3 11 , pp. 415-424 in Advances in Ceramics, Vol. 12. Edited by Heuer, Ruhle 
and someone else, The American Ceramic Society, 1983. 
20. Wang, J., and Stevens, R., "Review: Zirconia-Toughened 
Alumina (ZTA) Ceramics", J. Mat. Sci., 24 (1989) pp. 3421-3440. 
21. Tsukuma, K., and Udea, K., "High-Temperature Strength 
and Fracture Toughness of Y2o3-Partially-Stabilized 
zro2/Al 2o 3 Composites'', J. Am. Ceram. Soc., 68 [2], 1985, pp. C56-C58. 
t 
22. Fukuhara, M., "Properties of (Y)Zro2-Al2o3 and (Y)Zro2-Al2o3-(Ti or Si)C Composites", J. Am. Ceram. Soc., 72 [2], 1989, pp. 236-242. 
23. Kang, E. s., and Kim, c. H., "Improvements in Mechanical 
Prop~rties of TiB2 by the Dispersion of B4c Partic~es", J. Mat. Sci., 25 (1990) 580-584. . 
,./ 24. Yuan, T. c.~ Srinivasan, G. V., Jue, J. F., and Virkar, A. V., "Dual-Phase Magnesia-Zirconia Ceram·ics with Strength 
Retention at Elevated Temperatures~', J. Mat Sci. , 24 ( 1989) , 3855-3864. 
58 
I 
• 
" 
• 
I"' 
1 
' 
,i ;:, 
25. Baldo, J.B., and Bradt, R. c., "Grain Growth of the Lime and Perie.lase· Phases in a Synthetic Doloma", J.,· Am. Ceram. Soc., 71 [.9]_, 1988, pp. 720-725. 
26. Brook., R. J., "Controlled Grain Growth", pp. 331-364 in Treatise on Materials Science and Technology, Vol. 9. Ed~ted by F. F. Y. Wang. Academic Press, New York, ··1976. 
27. Zener, C. quoted by Smith, C. s., "Grains, Phases·, and Interfaces: An iriterpretation of Microstruc~ure'', Trans. Met Soc. AIME, 175, 1949, pp. 15-51 
28. Hazzledine, P. M., Hirsch~ P. B., and Louat, N., 
"Migration of a Grain Boundary Through a· Dispersion of Particles", ,J;!P. 159-164 in Recrystallization and Grain Growth of Multi-Phase and Particle Containing Materials. Edited by N. Hansen, A. R. Jones, and T. Leffers, Riso National Laboratory, Roskilde, Denmark, 1980. 
29. Martin, J., and Doherty, R., Stability of Microstruct.ure 
~n Metallic Systems,· Cambridge University Pr~ss, Cambridge, 1976, pp. 173-209. 
30. Kirchner, H. o., "Coarsening of Grain-Boqndary Precipitates", Met. Trans._, 2 [10], 1971, pp. 2861-2864 ~ 
31. Ardell, A. J., "The Effect of Volume Fraction on Particle Coarsening: Theoretical Considerations", Acta Met., 
20 [1], 1972, pp. 61-71. 
32. Livingston, J. D., "Cri~ical Particle Size for Precipitation Hardening'', Trans Met. Soc AIME, 215 (1959), pp. 566- . 
33. Ardell, A. J., and Nicholson, R. B., "The Coarsening of 
'Y' in Ni-Al All·oys", J .. Phys. Chem. Solids 27, 1966, pp. · 1793-1804. k 
• 
• 
34. ·Ardell, A. J., Nicholson, R. B., and Eshelby, J. D., "On the Modulated structure of Ni-Al Alloys", Acta Met. 14, 
1965., pp. 1295-
35. ,Speich,' G. R., and Oriani, R. A., ."The Rate of Coarsening of Copper Precipitate-in an Alpha-Iron Matrix", Trans. Met. Soc. AIME, 233 [4], 1965, pp. 623-631. 
3-6. Newnhain,·R. E., "Composite Electroceramics", J. Mat. Educ., 7(4], 1985, pp. 601-651 • 
• 
59. 
.. 
' ' 
• 
. ' 
. r 37. Cahn. J. w., "A Model for Connectivity in Multiphase Structures'', ·Acta Met., 14 (4], 1966, pp. 477-480. 
. 
-38. Powell. M. J., ·11site Percolation in Randomly Packed Spheres'', Phys Rev. B, 20 [10] ,· 1979, pp.4194-4198. 
39. Scher, H., and Zallen, 
Percolation Processes", J. 
3759-3761. 
.. I I J. I I R., "Cr1t1ca1· Density 1n 
Chem~ Phys. Lett., 53, 1970, pp. 
40. Ottavi, H., Clerc, J., Giraud, G., Roussenq, J., Guyon, E., and Mitescu, c. D., "Electrical Conductivity of a.· 
Mixture of Conducting and Insulating Spheres: An Application 
of Some Percolation Concepts'', J. Phys. C, 11 (1978) pp. · 
1311-1328. 
, 
41. Zallen, R., The Physics of Amorphous Solids, John Wiley 
and Sons, New York, 1983, pp. 135-204 . 
• 
42. Elliot, R. J., Heap, B. R., Morgan, D. J., and 
Rushbrooke, G. s., "E.quivalence of the Critical 
Concentrations in the.Ising ~nd Heisenberg Models of 
Ferromagnetism!', Phys. Rev. Lett., 5 [8], 1960, pp. 366-367. 
43. Seager, c. H., and Pike, G. E., "Percolation and 
Conductivity: A Computer Study. II", Phys. Rev. B, 10 [4], 
1974, pp .. 1435-144~.--· 
44. Marshall, D. B., and Lawn, B. R., "Residual Stress Effects in Sharp Contact Cracking. Part I, Indentation 
Fracture Mechanics", J. Mat. Sci., 14 (1979), 2001-2012. 
45. Marshall, D. 
Effects in Sharp 
Degradation", J. 
' I B., and Lawn, B. R., "Residual Stress 
Contact Cracking. Part II, Strength 
Mat. Sci., 14 (1979), 2225-2235. 
46. Lawn, B. R., Evans, A.G., and Marshall, D. B., 
"Elastic/P.lastic Indentation Damage in Ceramics: The 
Median/Radial Crack System", J. Am. Ceram. Soc., 63 [9-10], 
1980, pp. 574-581. 
' 47. Swain, -M. V., "A Note on the Residual Stress About a 
Pointed Indentation Impression in a Brittle Solid'', J. Mat. Sci., 11 (1976), pp. 2345-2348. 
48. Lawn, B. R., Ful~er, E. R., and Weiderhorn, s. 
M.,"Strength Degradation·of· Brittle Surfaces: Sharp 
Indenters_: ., J. Am. Ceram. Soc.,, 59 [5--6.], 1976, pp. 193-197. 
60 
,, 
. -
49. Petrovic, J. J.~ Jacqbson, L.A., Talty, P. K., and 
Vasudevan, A. K., "Controlled Surface Flaws in Hot-Pressed . 
. . 
'Sl3N4~•, J. Am. Ceram. Soc., 58 [3->'4], 197·.5,. pp. 113-116. · 
' 
50. Petrovic, J. J., and Jacobson; L.A., "Controlled 
Surface Flaws in Hot-Pressed sic", J. Am. Ceram. Soc., 59 
[ 1-2 ] , 19 7 6 , pp. 3 4-3 7 • ·~-
51. Petrovic, J. J., Di~ks,. R~ A., Jacobson, L.A., and 
Mendiratta, M. G., "Effects of Residual Stresses on Fracture 
From Controlled Surface Flaws", J. Am. Ceram. Soc., 59 [3-
4], 1976, pp. 177-178. 
52. Cook, R. F., Lawn, B. R., and Fairbanks, c. J., 
"M·icrostructure-Strength Properties in Ceramics: I, Effect 
of Crack Size on Toughness:, J. Am. Ceram. Soc., 68 [11], 
1985, pp. 604-615. 
53. Chantikul, P., Anstis, G. R., Lawn, B. R., and Marshall, 
D. B., "A Critical Evaluation of Indentation Techniques for 
Measuring Fracture Toughness: II, Strength Method'', J. Am. 
Ceram. Soc., 64 [9], 1981, pp. 539-543. 
54. Westbrook, J. H., and Jorgensen, P. J., "Indentation 
Creep of Solids", Trans. Met. Soc. AIME, 233 [2], 1965, pp. 
425-428. 
55. Carter, G. H., Henshall, J. L., and Hooper, R. M., 
''Indentation Creep in Single-Cry~tal Cubic Zirconia at Room 
Temperature", J. Am. Ceram. Soc., 71 [5], 1988, p. C270. 
56. Brookes, C. A.,. Burnand, R. P., and Morgan, J.E., 
"Anisotropy and Indentation Creep in Crystals with the 
Rocksalt Structure", J. Mat. Sci., 10 (1975), pp. 2171-2173. 
57. Atkins, A.G., Silverio, A., and Tabor, D., "Indentation 
HArdness and the Creep of Solids", J. Inst. Metals, 94 (1966), pp. 369-378. .. 
• I 
58. Kumashiro, Y. , and Sakuma, E. , "The Vickers Micro-. 
Hardness of Non-stoichiometric Niobium Carbide and Vanadium 
Carbide Single 'crystals up to 1500°C", J. Mat Sci., 15 (1980), pp. 1321-1324. 
59. Kumahiro., Y., Nagai, Y., and Kato, H., "The Vickers 
Micro-Hardness of NbC, ZrC and Tac single Crystals up to 
1500°C", J. ~at. Sci. Lett. 1 (1982), pp. 49-52. 
• 
61 
} 
I 
! I 
60. Kumashiro, Y., Itoh, ·A., Kinoshita, T., and Sabaj ima, 
M., "The Micro~vickers Hardness of.Tic Single crystals up to 
1_500.°C'', J. Mat. Sci. 12 (1977), pp. 595-601. 
61. Hirai, T., .and Niihara; K., "Hot Hardness of sic Single 
Crystal'', J. Mat. Sci., 14 (1979), pp. 2253-2255 . 
• 62. Kallenberg, W. , '' Anisotropy of Indentation Creep in 
Sapphire at soq 0 c and 750°C", J. Mat. Sc!. Lett. 7 (1988), 
.PP· 1076-1077. 
63. Wurst, J. c., and Nelson, J. ~., Lineal Intercept 
Technique for Measuring Grain Size ·in. Two-Phase 
Polycrystalline Ceramics", J. Am. Ceram. Soc., 55 [2], 1972, 
p. 109. 
64. Bennison, S. J. , and Harmer, M. ·P. , "Grain-Growth 
Kinetics for Alumina in the Absence of a Liquid Phase", J. 
AM. Ceram. Soc., 68 [l], 1985, pp. C22-C24. 
65. Kingery, W. D., and B. Francois, "Sintering. of 
Crystalline Oxides, I. Interaction Between Grain Boundaries 
and Pores''; pp. 471-498 in Sintering and Related Phenomena. 
Edited by G. C. Kuzcynski, N. A. Hooton and G. F. Gibbon. 
Gordon Breach, New York, 1967. 
66. French, J. D., Harmer, M. P., Chan, H. M., and Miller,~ 
G. A., "Coarsening Resistant Dual-Phase Interpenetrating 
M"icrostructures", J. Am. Ceram. Soc. 1990 ( in press) . 
67. Watchman, J.B., Capps, W., and Mandell, J'~, "Biaxial 
Flexure Tests of Ceramic Substrates", J. Mat., JMLSA, 7 [2], 
1972, pp. 188-194. 
68. de With, G., Wagemans, H. M., "Ball-on-Ring Test 
Revisited", J. Am. Ceram. Soc., 72 [8], 1989, pp. 1538-1541 . 
. 69. Marshall, D. B., Noma, T., and Evans, A. G., "A Simple 
Method for Determining Elastic-Modulus-to-Hardness Ratios 
. Using Knoop Indentation Measurements", J. ~m. Ceram. Soc., 
65 [10], 1982, pp. C175-C176 . 
. 
70. Lange, F. F., "Transformation.Toughening: Part 4, 
Fabrication, Fracture Toughness and Strength of Al 2o 3-zro2 Composites'~, J. Mat. Sci., 17 (1982),·pp. 247-254. 
71. Evans, A.G., and Charles, E. A., "Fracture Toughness 
Determination by Indentation", J. Am •. ceram. Soc., 59 [7-8], 
1976, pp. 371-372. 
I.' 
62 
~(' 
. \ 
• 
, 
!) 
72. Anstis, G. R., Chantikul, P., Lawn, B. R., and Marshall, 
D. B., "A Critical Evaluation of Indentation Techniques for 
Measurin9 Fracture Toughness: I, Direct Crack Measurements", 
J. Am. Ceram.· Soc., 64 [9], 1981, pp. 533-538. 
. 
73. Bennison, S. J., Padture, N., and French, J. D., 
unpublished work, 1990. 
74. Kingery, W. D., Bowen, H.K., and Uhlmann, D.R., 
Intrbduction to Ceramics, Second Edition, John Wiley and 
Sons, New York, 1976, pp. 594~595. 
75. Radford, K. c. ,· and Pratt, P. L., "The Mechanical 
Properties of Impurity Doped Alumina Single Crystals", Proc. 
Brit. Ceram. Soc., 15, (1970), pp. 185-202. 
76. Shinozaki, K., Ishikura, Y., Uematsu, K., Mizutani, N., 
and Kato, M., "Vickers Micro-Hardness of Solid Solution in 
the system cr2o3 -A1 2o3 11 , J. Mat. Sci., 15 (1980), pp. 1314-1316. 
• • 77. Mitchell, T. E., and Heuer, A.H., "Solution Hardening 
by Aliovalent Cations in Ionic Crystals'', Mat. Sci. ~ng., 28 (1977), pp. 81-97. 
78. Cawley, J. D., and Halloran, J. W., "Dopant Distribution 
in Nominally Yttrium-Doped Sapphire", J. Am. Ceram. Soc., 
69[8], 1986, pp. Cl95-Cl96. 
79·. McCune,·R. C., Donlon, W. T., and Ku, R, C., ·"Yttrium 
Segregation and YAG Precipitation at Surfaces of Yttrium-
Doped a-Al 2o3 11 , J. Am. Ceram. Soc., 69[8], 1986, pp. Cl96-
.. C199. . 
l-
' 
80. Bosomwqrth, P., Harmer, M. P., and Chan, H. M., 
Unpublished· work, 1985. 
81. Conrad, H., "Mechanical Behavior of Sapphire", J. Am. 
Ceram. Soc., 48[4], 1965, pp. 195-2Ul. 
82. Davidge, R. w., Me~hanical Behavior of 
Cambridge University Press, Cambridge, 1979, 
• eram1cs, 
. 53. 
83. Chan, H. M.; and Lawn, B. R., "Indentation Deformation 
and Fracture of Sapphire", J. Am. Ceram. Soc., 71[1], 1988, 
pp. 29-35. 
84.·Hockey, B. J., "Plastic Deformation of Aluminum Oxide by· 
Indentation and Abrasion", J. Am. Ceram. Soc., 54[5], 1971, 
pp. 223-231. 
63 
/ 
I 
\,, 
'' 
85. Atkins, A. G. ·, "High Tempera·ture Hardness and Creep", in 
Science of Harness Testing and Its Applications. Edited ·by 
J. H. Westbrook and H. Conrad, ASM, Metals Park OH, 1973, 
pp. 223-240. 
86. Stanescu, J., and Chan, ·H. M., unpublished work, 1990. 
. . 
64 
' .· 
"J\ 
Further Work 
• 
The system Al 2o3 :c-zro2 is only one ex~mple of a system 
which multi-phase interconnected stable microstructures can 
t, 
be generated. Other systems exist which possess.limited 
solid solubility and no intermediate phases. Systems such 
' 
as Al 2o3 :Tho2 , YAG:MgO show promise, as do MgO:Y2o3 , 
MgO:Er2o3 , Gd2o3 :Mg0 and Dy2o3 :MgO. These systems may show 
better elevated temperature stability than the Al 2o 3 :c-zro2 
system due to higher eutectic temperatures. 
Further work is needed to characterize the deformation 
behavior o.f these microstructures both at room and high 
temperatures. We have already seen, at.least indirectly, 
"that the fracture toughness and impact/wear resistance at 
1200°c may be higher for AZ50 than for single phase Al 2o3 , 
by the amount of damage (in the form of cracking) around the 
indentation site for any load-dwell time.· The room 
temper~ture toughness resu~ts showed a series rule-of-
mixtures behavior. However, it is believed that the benefit 
of the duplex microstructure is in the creep ductility 
compared to the single phase materials. With this in mind, 
more studies into the creep behavior are needed; both stress 
and creep rup~ure tests. High temperature fracture tests 
are also needed. 
. 
Another aspect of this work which deserves further 
study is the effect of volume fraction of second phase on 
( 
• 
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both the mechanical properties (room and elevatetl temperature) 
l) 
and rnicrostrtictural developmen~. Conductivity m~asurements 
could be made to determine the percolatipn threshold of 
c-zro2 particles (due to the high ionic conductivity of 
These experiments could be performed to determine . 
-the effect of a second phase percolation on the mechanical 
properties and and coarsening kinetics of dual-phase 
systems. 
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